■ Abstract The structural and chemical parameters determining the formation and mobility of protonic defects in oxides are discussed, and the paramount role of highmolar volume, coordination numbers, and symmetry are emphasized. Symmetry also relates to the structural and chemical matching of the acceptor dopant. Y-doped BaZrO 3 -based oxides are demonstrated to combine high stability with high proton conductivity that exceeds the conductivity of the best oxide ion conductors at temperatures below about 700
INTRODUCTION
Traditionally, oxide ion conductors based on ZrO 2 , CeO 2 , and LaGaO 3 or on diverse pyrochlores are considered as separator materials in solid oxide fuel cells (SOFCs). The high activation enthalpies of their conductivity require high operation temperature [in the case of YSZ (Zr 1−x Y x O 2−δ ) generally higher than 800
• C) and the use of methane (natural gas) as a fuel for internal reforming under relatively wet conditions (1; see Morgensen & Kammer, this volume). Although current SOFC technology based on oxide ion conductors is well established, there are still problems with materials incompatibility, low tolerance with respect to variations of the operating conditions, and fuel efficiencies that are still significantly lower than theoretical (1, 1a; see Yokokawa, this volume).
The high conductivity of zirconia-based ceramics (which are the benchmark electrolytes for SOFC applications) was shown to be dominated by oxide ions (i.e., oxygen ion vacancies) over 100 years ago (1b); however, it was in the 1960s that protons were shown to exist in some oxides as minority charge carriers (2) . Further, the systematic investigation of acceptor-doped oxides such as 334 KREUER LaAlO 3 , LaYO 3 , and SrZrO 3 , which had already been known for their moderate oxide ion conductivity, provided experimental evidence that these materials might turn out to be proton conductors in hydrogen-containing atmospheres (3) . The observed conductivities were quite low, but related compounds based on SrCeO 3 (4) and BaCeO 3 (5) with high proton conductivities were discovered and tested in various electrochemical cells. For laboratory fuel cells, power densities up to 0.2 W cm −2 have been reported for a temperature of 800 • C (6) (7) (8) (9) (10) (11) . Although these cells were not optimized, e.g., with respect to the thickness of the electrolyte (typically, cut discs of 0.5-mm thickness were used), and the choice of the electrode materials was usually porous platinum or nickel for the anode and platinum, silver, or a cobaltate for the cathode, these early results already demonstrated that the use of proton-conducting oxides could reduce the operating temperature of SOFCs. However, the very low stability of cerates turned out to be a severe problem. Several independent stability tests clearly demonstrated that both SrCeO 3 and BaCeO 3 (a) are thermodynamically only slightly stabilized with respect to the decomposition into the binary oxides (12) , (b) react to carbonates even with low levels of CO 2 (13) , and (c) form alkaline earth hydroxides at high water activities (14) . Of course, this excludes any hydrocarbons (such as methane) from being used as fuels because this inevitably leads to the production of some CO 2 and H 2 O.
Empirical approaches to increase the stability of cerates by chemical modifications [e.g., (15) (16) (17) ] seemed to confirm that high proton conductivity and stability are antagonistic properties (18) . However, improved insight into the relation between the formation and mobility of protonic defects and the thermodynamic stability of oxides on the one hand, and structural and chemical parameters on the other hand, led to the development of stable oxides with high proton conductivity (19, 20) .
A few details and fundamental aspects underlying this recent development are summarized below before some conceptual advantages of the behavior of protonconducting oxides in SOFCs are discussed.
Selection of the Structure Type
The crystallographic structure of oxides, for which almost pure high proton conductivity was reported first, e.g., SrCeO 3 -and BaCeO 3 -based materials (see above), were of the perovskite-type, and BaCeO 3 -based compounds in particular have remained benchmark materials for high proton conductivity in oxides, although many other oxides have also been studied. In addition to perovskites, binary rare earth oxides with fluorite-related structures and ternary oxides with the pyrochlore structure have been examined. Much of the available data have been summarized in Reference 21, and proton conductivities have been calculated from available data on proton concentrations and mobilities for an extended temperature range, for which proton conductivities are not always accessible experimentally (Figure 1 ) (22) . These data clearly demonstrate that the highest proton conductivities are observed for perovskite-type oxides, with BaCeO 3 -based materials still among the best proton-conducting oxides. This empirical finding, together with the 335 Figure 1 Proton conductivities of various oxides as calculated from data on proton concentrations and mobilities, according to Norby & Larring [type of dopant is not indicated, for source data, see (21) ]. Conductivities of oxides with perovskite-type structure are shown by bold lines. observation that BaCeO 3 -based materials generally show higher conductivities than SrCeO 3 -based materials, is already pointing toward chemical and structural parameters crucial for high proton conductivity. BaCeO 3 is the perovskite with the highest molar volume (lattice constants), and, compared with SrCeO 3 , the deviation from the ideal cubic perovskite structure (orthorhombic distortion) is smaller. The following discussion of the fundamentals of the formation and mobility of protonic charge carriers in perovskite-related structures provides a rationale for explaining these empirical findings and the strategy for successful materials optimization.
Formation of Protonic Defects
For large band gap perovskites (ABO 3 ), the most important reaction leading to the formation of protonic defects at moderate temperatures is the dissociative (24) ], or they may be formed extrinsically to compensate for an acceptor dopant R. In the case of perovskitetype oxides, substitution of up to 25% of the B-site cation by a lower-valent cation [i.e., A(B 1−x R x )O 3−δ ; denoted R:ABO 3 ] is used. In order to form protonic defects, water from the gas phase dissociates into a hydroxide ion and a proton; the hydroxide ion fills an oxide ion vacancy, and the proton forms a covalent bond with a lattice oxygen. In Kröger-Vink notation this reaction is given as
where two hydroxide ions substitute for oxide ions, i.e., two positively charged protonic defects (OH (25) , which has advantageous implications for use of such oxides in fuel cells (see below).
It should also be mentioned that, apart from oxide ion vacancies existing at low-water partial pressures, the appearance of holes (h • ) has to be considered at high-oxygen activities. However, for the large band gap oxides discussed below, this may not be important at temperatures less than 750
• C (26-28). With these constraints, assuming ideal behavior of all species involved in the hydration reaction, and with a single standard chemical potential for each quasi chemical species (one crystallographic site for A, B, and O), the equilibrium condition is then written as (29)
Together with the site restriction (because of high defect concentration),
and the electroneutrality condition
the equilibrium constant is written as Because the formation of protonic defects according to Reaction 1 is accompanied by a significant weight increase, the concentration of protonic defects as a function of temperature and water partial pressure is usually measured by thermal gravimetric analysis (TGA). For cubic perovskites, where the above assumptions are fulfilled, the experimental hydration isobars are well described by Equation 6 (Figure 2a ) corresponding to Arrhenius-type behavior for K(T) (Figure 2b ). Therefore, such data directly yield standard hydration enthalpies and entropies ( H • , S
• ) (see Figure 2) . Even for slightly distorted Y:BaCeO 3 , the fit with single standard chemical potential differences for the different species occupying the two oxygen sites is still surprisingly good (29) . But for Y:SrZrO 3 and Y:SrCeO 3 , which deviate strongly from an ideal cubic perovskite, the hydration isobars cannot be fitted with this simple expression. In particular, the existence of different oxygen sites makes the hydration behavior more complex and reduces the saturation limit (30) .
Because a water molecule is eventually split into a hydroxide ion and a proton, the formation reaction for protonic defects may be considered an amphoteric reaction, where the oxide acts as an acid (absorption of hydroxide ions by oxide ion vacancies) as well as a base (protonation of lattice oxide ions). There has been some controversy about the extent to which structural and chemical parameters determine the enthalpy of this reaction (31, 32) , but the growing data seem to confirm that the enthalpy of the hydration reaction tends to become more exothermic with decreasing electronegativity of the cations interacting with the lattice oxygen, i.e., with decreasing Bronsted basicity of the oxide. Recently, an even better correlation has been found between the hydration enthalpies and the differences of the electronegativities of A-and B-site cations (22) , i.e., the most negative hydration enthalpies have been reported for similar electronegativities of A-and B-site cations. Whether this is indicative of any particular physico-chemical concept is not clear, because data only for perovskites with Sr and Ba (i.e., A-site elements with similar electronegativities) have been compared. The variation of the electronegativity for the B-site element is much larger, and there is a clear trend for the equilibrium constant of the hydration reaction, which decreases in the order cerate → zirconate → stannate → niobate → titanate, i.e., with increasing electronegativity of the B-site cation (Figure 2b ) (19) . At first, this appears to be surprising because the uptake of water is formally an amphoteric reaction (see above). But for oxides, it is more straightforward to split the reaction into the filling of an oxide ion vacancy by an oxide ion (reverse of oxide ion vacancy formation) and the protonation of two regular lattice oxygen (32) . Indeed, the first term appears to prevail in binary rare earth oxides (31) , whereas the second seems to dominate the variation of the thermodynamics of the hydration reaction in oxides with the perovskite structure. The reasons for this are not clear, but the small variation of the lattice basicity in rare earth oxides on the one hand side, and the low oxide ion formation enthalpies in perovskites as a result of low bond strengths and strong relaxation effects on the other hand, may explain this distinct difference. In addition to this strong trend seen in Figure 2b , the hydration enthalpy is also affected by the kind and concentration of acceptor dopant [for a quantitative comparison of hydration enthalpies one should extrapolate data on hydration enthalpies to zero dopant concentration, which has only been done thus far for Y-doped BaCeO 3 [−115 kJ mol −1 (29) ] and BaZrO 3 [−80 kJ mol −1 (20) ] (see also Figure 3 ). Apart from the standard hydration enthalpy, the standard hydration entropy also has a significant effect on the stability of protonic charge carriers. As can be seen from Figure 3 , there is a correlation between the two parameters, i.e., with increasingly negative hydration enthalpy, the corresponding entropy change decreases. Despite the large variation in the hydration enthalpy, a relatively small variation in the dehydration temperature is seen, which is taken as a measure of the stability of protonic defects ( Figure 3 ). Clearly, a consistent understanding of the thermodynamics of the formation reactions for oxide ion vacancies and protonic defects, their mutual dependencies, and their dependence on the presence of the acceptor dopant is needed. That these dependencies exist is obvious from the available data [see, e.g., (19, 20, 22) ], but no complete structural chemical explanation is available. However, one detail is worth mentioning. The thermodynamics of the formation of protonic defects is virtually independent of the acceptor dopant concentration only when the acceptor dopant does not change the chemical character (electron density) of the lattice oxygen, (again indicating the importance of the O/H interaction for the stability of the protonic defect). This type of behavior KREUER has been observed only for Y-doped BaZrO 3 (20) (Figure 3 ) and, as is discussed below, has significant implications for the proton mobility.
It should be mentioned that the solubility limit approaches the dopant concentration for cubic perovskites (19) , i.e., structures with only one oxygen site. Even for 5% Sc-doped SrTiO 3 , a proton defect concentration of 3.7% has been found gravimetrically after hydrothermal treatment. The remaining reduction of the saturation limit with respect to the dopant concentration may then be simply the consequence of a slight incorporation of the dopant on the A-site, where it acts as a donor (6) . This is obviously a minor effect for ceramics prepared at relatively low temperatures (1400-1720
• C). For single crystals prepared well above 2000
• C, however, this effect may drastically reduce the water solubility (32) . But any symmetry reduction reduces the water solubility, which may not be only in the symmetry reduction of the host lattice (as in the case of orthorhombic SrZrO 3 and SrCeO 3 ) (Figure 4 ), but also in the choice of the acceptor dopant. Compared with Y-doped BaZrO 3 , the saturation limit for In as a dopant is reduced, indicating that this dopant locally reduces the symmetry of the otherwise cubic or close to cubic lattice (20) (Figure 4 ).
Stability Versus Concentration of Protonic Defects
The observation that preferentially basic oxides stabilize protonic defects seems to suggest that the formation of these defects is not compatible with high stability of the oxide against reaction with acidic gases such as CO 2 and SO 2 (SO 3 ). Indeed, the stability with respect to the formation of carbonates and hydroxides increases in the order cerate → zirconate → titanate, i.e., opposite to the direction of the stability of protonic defects. But a closer look shows that the thermodynamic stability of the considered perovskites is less affected by reduction of the crystallographic symmetry than the stability of protonic defects. The stability of BaCeO 3 and SrCeO 3 with respect to carbonate formation is virtually identical (18) , but protonic defects are better stabilized in BaCeO 3 than in SrCeO 3 , which has a stronger orthorhombic distortion (Figure 2a ). This observation suggests that the choice of the acceptor dopant, which may have some local symmetry reducing effect (see above), is critical to the relation of the stability of the perovskite and the protonic defects therein. As can be seen from Figure 5 , the stability of protonic defects in Y-doped BaZrO 3 compared with the stability of the host (BaZrO 3 ) is significantly higher than in the case of Sc-doped SrTiO 3 and Y-doped BaCeO 3 . Although Y seems to be a chemically perfect dopant for BaZrO 3 , this does not hold for Sc and Y as acceptor dopants in SrTiO 3 and BaCeO 3 , respectively. 
Mobility of Protonic Defects
The elementary reactions underlying the mobility of protonic defects have been investigated in great detail experimentally as well as by numerical simulations, and their contributions to the total activation enthalpy have been estimated.
The principal features of the transport mechanism are rotational diffusion of the protonic defect and proton transfer toward a neighboring oxide ion (Figure 6 ), i.e., only the proton shows long-range diffusion, whereas the oxygens reside on their crystallographic positions. Experimentally (33) (34) (35) and by quantum molecular dynamics (MD) simulations (36) (37) (38) (39) , rotational diffusion has been shown to be fast with low-activation barriers suggesting that the proton transfer reaction is the rate-limiting step in the considered perovskites. On the other hand, the strong redshifted OH-stretching absorptions in the infrared (IR) spectra [Reference (18) and references therein] ( Figure 7 ) are indicative of strong hydrogen bond interactions, which favor fast proton transfer reactions rather than fast reorientation processes, the latter requiring the breaking of such bonds.
Because the structural oxygen separation is larger than 290 pm in most perovskite-type oxides, and strong hydrogen bonds may be formed only for significantly lower separations, the free energy the system gains by hydrogen bond formation is competing with the free energy required for the lattice distortion necessary for hydrogen bonding. A re-analysis of a quantum-MD simulation of a protonic defect in cubic BaCeO 3 (19, 40, 41) demonstrates that these two free-energy contributions are almost balanced for a wide range of oxygen separations (approximately 250-300 pm) (Figure 7 ). Thus short oxygen separations, which favor proton transfer, and large oxygen separations, which allow rapid bond breaking, correspond to similar free energies of the entire system and, therefore, have similar probabilities of occurring. Indeed, the simulation shows that the protonic defect forms short but transient hydrogen bonds with all eight nearest oxygen neighbors. In the timeaveraged picture seen in diffraction experiments, this leads to only a slight reduction of the structural OH/O separations, but in most instant configurations one of the eight OH/O separations is reduced to about 280 pm as a result of hydrogen bonding (19, 42) (configurations schematically shown in Figure 7) . Although the hydrogen bond interaction has a stabilizing effect of about 0.5 eV on this configuration, the bond is a soft, high-energy hydrogen bond with extended bond length variations. This also leads to configurations where the protonic defect behaves almost like a free OH, with small OH stretching amplitudes compared with the extended stretching vibrations in the hydrogen-bonded state (40) (Figure 7) .
From the thermodynamics of such dynamical hydrogen bonds, one may actually expect an activation enthalpy of long-range proton diffusion not more than 0. A more detailed inspection of the MD data shows that for most configurations with short OH/O separations, the proton is not found between the two oxygens on the edge of the octahedron but outside the BO 6 octahedron as part of a strongly bent hydrogen bond (42) , which still has some barrier for proton transfer. The reason for this is probably the repulsive interaction between the proton and the highly charged B-site cation, which prevents a linear hydrogen bond from being formed. As illustrated in Figure 8 , the analysis of a few transition-state configurations shows that the B-O bonds are somewhat elongated, and the transferring proton is displaced into the edge of the distorted octahedron. Thus an almost linear, short configuration of the type O-H ... O is formed. The proton transfer in this configuration probably occurs over some remaining barrier, as indicated by the experimentally observed H/D-isotope effects (43, 44) . Although the H/B repulsion is reduced in this configuration, major contributions to the activation enthalpy arise from the B-O bond elongation and the proton transfer barrier. Nevertheless, the H/B repulsion may be used as an estimated upper limit for these contributions to the activation enthalpy.
The importance of the H/B-repulsion is also evidenced by the finding that the activation enthalpies of proton mobility in cubic perovskites with pentavalent Bsite cations (I-V perovskites) are significantly higher than for perovskites with tetravalent B-site cations (II-IV perovskites) (40) .
Also, deviations from the ideal cubic perovskite structure may bring about an increase of the activation enthalpy. This effect has been investigated in detail by comparing structural and dynamical features of protonic defects in Y:BaCeO 3 and Y:SrCeO 3 (30) . The large orthorhombic distortion of Y:SrCeO 3 has tremendous effects on the arrangement of the lattice oxygen. The cubic oxygen site degenerates into two sites with probabilities of 1/3 (O1) and 2/3 (O2). Owing to different chemical interactions with the cations, especially the strontium on the A-site, the oxygens on these sites show distinctly different electron densities (basicities) and, therefore, different binding energies for the proton. Whereas in SrCeO 3 the most basic oxygen is O1, in BaCeO 3 it is O2 (Figure 9 ). Assuming that protons are associated with these sites most of the time, they may show long-range proton transport via the most frequent O2 sites in BaCeO 3 , whereas long-range proton transport in SrCeO 3 must involve transfer between chemically different O1 and O2 sites. The latter finding, together with the observed biasing of the rotational diffusion (defect reorientation), is thought to be the reason for the higher activation enthalpy and lower conductivity in SrCeO 3 compared with BaCeO 3 (Figure 1) (30) .
The mobility of protonic defects is very sensitive not only toward reduction of crystallographic symmetry but also toward local structural and chemical perturbations induced by the acceptor dopant or by mixed occupancy on the B-site. Traditionally, aliovalent dopants with matching ionic radii are chosen, and indeed, this simple concept has been proven successful, e.g., for oxide ion conductors (Sc-doped zirconia shows higher oxide ion conductivity than Y-doped zirconia). However, when it comes to proton conductivity in oxides, this approach clearly fails. Although Sc 3+ and In 3+ match Zr 4+ with respect to their ionic radii, BaZrO 3
Figure 10
Proton mobility in BaZrO 3 doped with different acceptor dopants (ionic radii are indicated) (20) .
shows much lower proton mobility when doped with Sc or In compared with Y as an acceptor dopant, which has a significantly higher ionic radius ( Figure 10 ). Only for Y is the proton mobility and its activation enthalpy virtually independent of the dopant concentration ( Figure 11 ). Although Y on the Zr site usually expands the lattice locally and leads to tetragonal distortions at concentrations above 5 mol%, it actually leaves the acid/base properties of the coordinating oxygen almost unchanged (see above) (20) . Obviously, the chemical match of the dopant makes it "invisible" to the diffusing proton. The most common observation, however, is a decreasing proton mobility and an increasing activation enthalpy with increasing dopant concentration as observed, for example, in Y: BaCeO 3 ( Figure 11 ). Given this background, it is not surprising, that mixed occupancy of the B-site in complex perovskites may also be disadvantageous for proton mobility. enthalpy when chemically and geometrically different Ca and Nb are randomly distributed on the B-site. Ca/Nb ordering that occurs after annealing significantly reduces the conductivity (23). This observation is in agreement with the results of a recent investigation of proton conductivity in the SrTiO 3 -BaTiO 3 -SrZrO 3 -BaZrO 3 system (20) . Whereas Sr/Ba-mixing on the A-site left some space for materials optimization, Zr/Ti mixing on the B-site led to a significant suppression of the proton conductivity. The highest proton mobilities in this system were actually found for the end members SrTiO 3 and BaZrO 3 ; both showed the simple cubic perovskite structure.
The above considerations provide a qualitative explanation for the empirical finding that the highest proton conductivities are observed in oxides with the perovskite structure (Figure 1 ). The framework of corner-sharing BO 6 octahedra shows high-coordination numbers for both cation sites (12 for the A-site and 6 for the B-site). There is only 1 oxygen site in the ideal perovskite structure, with each oxygen surrounded by 8 nearest and 4 next nearest oxygens. Generally speaking, the high-coordination numbers lead to low bond strengths and low angles between the bonds, which supports the above-described dynamics. For example, the rotational diffusion of the protonic defect corresponds to a dynamical hydrogen bonding of the OH with the 8 oxygens forming the reaction cage (Figure 12 ). The angles between the possible orientations are sufficiently small that the effective barriers for bond breaking and forming processes are usually less than 0.2 eV for perovskites with lattice constants that are not too small. For small lattice constants, hydrogen bonding even to the next nearest oxygen, i.e., between the vertices of the octahedra, becomes possible, opening another proton transfer path, as observed in MD-simulations of protons in CaTiO 3 (41) , and the softness of the bonds minimizes the energy required to form the transition state configuration for proton transfer (Figure 8 ).
The Case of Y-Doped BaZrO 3
At present, only electrolytes based on highly Y-doped BaZrO 3 combine highbulk proton conductivity with high stability in a unique way. Surprisingly, the development of this material requires very little compromising, which can be understood on the basis of the above considerations.
BaZrO 3 is the cubic perovskite with the highest lattice constant. The high symmetry is essential for the high solubility limit of protonic defects and for the high isotropic proton mobility. The high lattice constant [ > 420 pm for Y-doped samples (20) ] and the covalency of the Zr/O bond reduce the Zr/H-repulsive interaction and, therefore, the activation enthalpy of the mobility of protonic defects. Only Ba 3 CaNb 2 O 9 has a similarly favorable lattice constant, but Ca/Nb ordering on the B-site leads to a symmetry reduction. Less densely packed BaCeO 3 shows a significant orthorhombic lattice distortion.
Another key feature is the availability of a nearly perfect acceptor dopant (i.e., a dopant that leaves the oxygen basicity almost unchanged). Whereas in all other reported cases the increase of the acceptor dopant concentration leads to a reduction of the proton mobility and an entropic destabilization of protonic defects [e.g., (29) ], both the proton mobility and the thermodynamics of hydration are practically unchanged for dopant levels up to 20%Y in BaZrO 3 (Figures 3, 11) . High proton mobility and entropically stabilized protonic defects, even at high dopant concentrations and high solubility limit, lead to the enormous proton conductivity of this material. For temperatures below about 700
• C and a water partial pressure of 23 hPa, this exceeds the oxide ion conductivity of the best oxide ion conductors ( Figure 13 ). Although the conductivity of Y-doped BaZrO 3 is even slightly higher than the proton conductivity of BaCeO 3 -based oxides (Figure 1) , the chemical KREUER Figure 13 Bulk conductivity of 20Y:BaZrO 3 compared with the proton conductivity of 10Y:BaCeO 3 and the oxide ion conductivity of the best oxide ion conductors (46a, 50) . stability is far more advantageous, as expected from the higher electronegativity of Zr compared with Ce and the higher covalency of the Zr/O bond ( Figure 5 ). For the CO 2 partial pressure of air (38 Pa corresponding to 380 ppm), pure BaZrO 3 is stable above 300
• C, which is only slightly higher than for BaTiO 3 and SrTiO 3 , which are known for their superior stabilities.
Therefore, high-bulk proton conductivity, high stability, and a wide ionic domain (45) make Y-doped BaZrO 3 an interesting parent compound for the development of proton-conducting electrolytes for SOFC applications.
Proton Conductivity Beyond the Bulk
The reason why the high proton conductivities of BaZrO 3 -based electrolytes have been observed only recently has to do with the fact that conductivity measurements for this class of materials are usually performed on ceramic specimens at high temperature (T > 600
• C) where only total resistivities are accessible. But these electrolytes may contain large grain boundary contributions that can only be separated either by measuring at lower temperature or by using single crystals (19) . For Y:BaZrO 3 , the conductivity of polycrystalline samples is generally significantly lower than the corresponding bulk conductivity (Figure 14) . Considering the high sensitivity of the concentration and mobility of protonic defects against any symmetry reduction (see above), this finding is not surprising. The inevitable structural distortions in the grain boundary region most likely lead to a decrease of proton mobility and possibly also to a depletion of protonic defects, which result in the formation of a grain boundary region with increased resistance for protonic currents. For the best ceramics prepared in our laboratory, the temperature dependence (activation enthalpy) of the conductivity is usually close to that of the bulk, even when the absolute values are about an order of magnitude lower (Figure 14 ), which indicates current constriction (46) with the current confined to small contact points of adjacent grains. This observation is encouraging because it shows that good contacts between grains are indeed possible. However, the conductivity of samples prepared by pulsed laser deposition (Figure 14) show higher activation enthalpies and significantly lower conductivities, suggesting that the highly conducting bulk of the 
The BaZrO 3 -BaCeO 3 System
Because BaCeO 3 -and BaZrO 3 -based proton conductors were initially thought to behave complementarily with respect to stability and conductivity (see above), the first investigations of the BaCeO 3 -BaZrO 3 system were motivated by the search for a reasonable compromise between the two properties. But the steep decrease of the conductivity of BaCeO 3 -based electrolytes with increasing BaZrO 3 content reported in Figure 15 seemed to prevent the development of a suitable electrolyte in this system. Our motivation for a re-investigation of this system was the further improvement of the properties of Y:BaZrO 3 by the addition of BaCeO 3 . Although any local ordering accompanying Zr/Ce mixing on the B-site is expected to reduce the proton mobility (see above), the corresponding lattice expansion is anticipated to be advantageous with respect to the proton mobility provided that a close to cubic symmetry is maintained (see above). The other interesting aspect is the effect of the presence of BaCeO 3 on the sinterability of BaZrO 3 -based compositions and the consequences for the grain boundary impedance, which is usually lower in BaCeO 3 compared with BaZrO 3 -based ceramics. The bulk conductivities, which are also included in Figure 15 , slightly increase at low BaCeO 3 content and then monotonically decrease to finally reach the lower conductivity of Y:BaCeO 3 . For comparison, also three compositions with Gd as an acceptor dopant have been prepared and characterized. As expected the conductivity trend in this system is reversed because Gd is a poor dopant for BaZrO 3 (see also Figure 10 ) but one of the best dopants reported for BaCeO 3 (47) .
For the Y-doped system, both the activation enthalpy and pre-exponential factor of the conductivity containing the activation entropy increase with increasing BaCeO 3 content (Figure 16 ), which produces the shallow maximum in the conductivity and most likely reflects the antagonistic effects of local ordering and symmetry reduction on the one hand and lattice expansion on the other (Figure 15, top) .
A more relevant effect of the addition of small amounts of BaCeO 3 to Y:BaZrO 3 ceramic, is observed in the total conductivity measured at higher temperature ( Figure 16 ). For the samples prepared in this study, conductivity clearly increases up to about 20% BaCeO 3 , where the total conductivity reaches half the bulk conductivity. But it must be noted that this observation greatly depends on the preparation conditions. Sintering temperature and time (T = 1700
• C for 20 h in this study) have distinct but poorly reproducible effects on the achievable total conductivity and the appearance of second phases, especially in the outermost layer of the pellets. These typically are Y 2 O 3 and/or YSZ (Zr 0.72 Y 0.28 O 1.862 ), which indicate the evaporation of some BaO under the given conditions. In any case, the mechanical properties improve with the addition of small amounts of BaCeO 3 . Although pure Y:BaZrO 3 ceramics are usually very brittle, with many micro cracks observed in SEM-images, BaCeO 3 -containing ceramics appear to be tougher. This toughness also becomes apparent in the reduction of the total proton conductivity with thermal cycling, which is less severe in BaCeO 3 -containing samples. All in all, the addition of small amounts of BaCeO 3 to Y:BaZrO 3 seems to improve the properties of ceramics prepared via conventional solid state reactions. Nonetheless, other preparation routes that have the potential to provide better contacts between grains with lesser structural distortions should also be explored. For thin layers in particular, the problems related to brittleness may be reduced even for pure Y:BaZrO 3 .
Some ad hoc Fuel Cell Results
In order to get an idea about the behavior of BaZrO 3 -based ceramics as separators in SOFCs, a pellet of 15Y:Ba(Zr 0.9 Ce 0.1 )O 3−δ was covered with Pt paste, which served as electrodes. These electrodes were then purged with wet O 2 and Ar (5%H 2 ), respectively, and current/voltage characteristics were recorded at different temperatures (Figure 17 ). For T = 600 and 700
• C, these parameters are clearly curved, suggesting significant electrode polarization effects. At 800
• C, an almost linear decrease of the cell voltage with current indicates the IR drop across the electrolyte as the major loss of the electrochemical cell. Indeed, the IR drop calculated from the total conductivity of the separator almost coincides with the current/voltage curve recorded at 800
• C (Figure 17 ). This corresponds to a maximum power output of about 30 mW cm −2 , which is almost one order However, reduction of the losses caused by electrode polarization, grain boundary impedance, and the thickness of the electrolyte encountered in the development of Y:BaZrO 3 -based SOFCs may outweigh the worst performance compared with conventional SOFCs. While the latter are already in a mature state after several decades of development, SOFCs based on proton-conducting oxides are still in their infancy, with a much higher potential for further improvements; fuel cell tests reported for pure cerates are very encouraging (Table 1) . Although cerates can operate only in pure especially CO 2 free gases (see above), the power outputs of up to 0.23 W cm −2 for these unoptimized systems point the way to what may also be possible with stable zirconates as separator materials.
Some General Remarks about the Use of Proton-Conducting Oxides as Separator Materials in SOFCs
Provided that the above-discussed limitations are overcome, the higher bulk conductivity of Y:BaZrO 3 based electrolytes compared with the best oxide ion KREUER conductors (below about 700
• C) ( Figure 13 ) may help to reduce the operating temperature of SOFCs. However, this will be a different fuel cell because the fact that the predominant mobile charge carriers are protonic defects qualitatively changes the reactions taking place at anode and cathode.
In the case of pure proton conductivity, hydrogen is oxidized at the anode to form protons, which are incorporated into the electrolyte. These protons are consumed at the cathode in the reduction of oxygen to produce water, which can easily be removed by the oxygen (air) flow. When oxide ion-conducting electrolytes are used, water as the product of the overall reaction is formed at the anode, where it dilutes the fuel (e.g., H 2 ) from which it has to be removed.
But conventional SOFCs based on YSZ usually consume methane (natural gas) as fuel, which is one of the advantages of SOFCs compared with low-temperature fuel cells (e.g., PEM-FC, PAFC, AFC) that usually run on hydrogen or methanol. However, methane is not directly oxidized by oxide ions, rather it undergoes internal steam reforming to produce hydrogen as an intermediate, which is then electrochemically oxidized to form water. Because there is no water transport across pure oxide ion conductors such as YSZ, the reaction water accumulates at the anode, where it interferes with the steam reforming reaction in such a way that even coking of the anode structure may occur (1) .
This severe problem may be reduced when a proton-conducting oxide is used as a separator. For low-water partial pressures, these oxides are usually only partially hydrated in the T range where they may operate in a fuel cell (see also Figure 2a ). Therefore, protonic defects (OH O ) coexist as charge carriers, and because both are mobile in many cases (19) , chemical diffusion of water occurs. The chemical diffusion depends on the degree of hydration, i.e., in the fully hydrated state the chemical diffusion of water resembles the selfdiffusion coefficient of oxide ion vacancies, and it progressively increases with a decreasing degree of hydration to finally reach the generally higher value of the self-diffusion coefficient of protonic defects in the dry state (25) (Figure 18b ). This behavior may become the basis for self-regulated methane reforming as recently pointed out by Coors (48) and illustrated in Figure 18a . The water consumed in this reaction is then provided by the electrolyte. This leads to some drying of the electrolyte at the anode side, which increases the water diffusion across the electrolyte thus accelerating the reforming reaction. However, the increasing consumption of methane limits the reaction rate and the drying process, and a constant hydration profile is expected to form across the electrolyte under steadystate conditions. In other words, the electrolyte provides just as much water as required to reform the available methane. This is fed to the anode as a dry gas, which prevents coking and even increases the thermodynamic efficiency. This mechanism has been verified for a Y:BaCeO 3 electrolyte (48), which shows a high mobility of oxide ion vacancies. Of course, it is not clear whether water occurs as a distinct species or whether the overall anode reaction takes place via other intermediates.
Another distinct consequence of the exchange of water with the electrolyte are dimensional changes. As can be seen from Figure 19 , the hydration of 15Y:BaZrO 3 leads to a linear expansion of 0.4%. The thermal expansion in the dry and wet state almost equals (α ∼ = 8 · 10 −6 K −1 ), and for a given water partial pressure, the thermal expansion almost vanishes in the temperature range of dehydration. In an operating fuel cell, even a hydration gradient may form across the electrolyte (see above), and it is not clear yet what effect the corresponding dimensional changes have on the mechanical and electrical properties (e.g., grain boundary impedance) and the compatibility with potential electrodes. The addition of BaCeO 3 to Y:BaZrO 3 may also reduce possible problems because this leads to a reduction of the chemical expansion ( Figure 19 ) and an increase of the toughness of the ceramics (see above).
CONCLUSIONS
The selection of structure type according to high symmetry, high-molar volume, and high-coordination numbers, and the chemical matching of the acceptor dopant and the adjustment of the acid/base properties have led to the development of Y-doped BaZrO 3 -based electrolytes. These electrolytes combine high thermodynamic stability with high-bulk proton conductivity, which exceeds the conductivity of the best oxide ion conductors for temperatures below about 700
• C and a water partial pressure of 23 hPa. Such characteristics make this class of materials an interesting alternative as a separator material not only for low-drain electrochemical cells, such as hydrogen pumps (49) , but also for high-drain electrochemical cells, such as fuel cells. The unfavorable brittleness and grain boundary impedance have been reduced by the addition of small amounts of BaCeO 3 , and a first test shows that such electrolytes have indeed the potential to serve as separator materials in SOFCs. This may become the clue to a reduction of the unfavorably high • .
